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RUUHDFKLQJWKHVHQVLWLYHFRPSRQHQWV>/RJRWKHWLGLV@7KHEDVHVXEVWUDWHRIWKHILOPLVXVXDOO\D3(7SRO\PHUZKLFK
SURYLGHVWKHILOPZLWKKLJKIOH[LELOLW\&RQYHQWLRQDOO\WKHSURWHFWHGFRPSRQHQWVDUHERQGHGSHULSKHUDOO\WRWKHIRLO
RUZHOGHGVRWKDWDSRFNHWUHVXOWVZKLFKIRUH[DPSOHFRQWDLQVWKHIOH[LEOHRUJDQLF/('7KHFRQYHQWLRQDOMRLQLQJ
WHFKQLTXHVDUHSULPDULO\JOXLQJ+HUHHVSHFLDOO\89FXULQJDGKHVLYHVDUHXVHG7KHDGKHVLYHLVDSSOLHGEHWZHHQWKH
ILOPVDQGLVGLPHQVLRQHGVRWKDWDVXIILFLHQWGLIIXVLRQOHQJWKIRUZDWHUDQGR[\JHQUHVXOWVLQWKLVSURFHVVLVPDLQO\
WKHIRUPDWIOH[LELOLW\OLPLWHG>*URYHU@7KHDSSURDFKZKLFKLVLQYHVWLJDWHGLQWKHIROORZLQJE\XVLQJWKHSURFHVVRI
ODVHUWUDQVPLVVLRQZHOGLQJFRXOGEHWKHUHIRUHDQLQWHUHVWLQJDOWHUQDWLYH
)XQGDPHQWDOV
,QWKHSURFHVVRIODVHUWUDQVPLVVLRQZHOGLQJWKHILOPVDUHSRVLWLRQHGLQDQRYHUODSSLQJDUUDQJHPHQW,QRUGHUWR
DFKLHYHDWHFKQLFDO]HURJDSDMRLQLQJSUHVVXUHLVDSSOLHGYLDDFODPSLQJV\VWHPZKLFKDOVRIL[HVWKHVKHHWVGXULQJ
WKHMRLQLQJSURFHVV7KHODVHUEHDPLVWKHQSDVVHGRYHUE\DPRYLQJV\VWHPDORQJWKHZHOGLQJFRQWRXU)LJXUH
OHIW)RUEHDPVKDSLQJDODVHURSWLFZLWKDKLJKQXPHULFDODSHUWXUHLVXVHG7KLVSURYLGHVDPRUHIDYRUDEOHHQHUJ\
SHUDUHDUDWLRRQWKHVXUIDFH


)LJD3ULQFLSOHRI/DVHUWUDQVPLVVLRQZHOGLQJE6SHFWUXPRIGLIIHUHQWSRO\PHUV
3RO\PHUV KDYH D ZDYHOHQJWKGHSHQGHQW DEVRUSWLRQ FRHIILFLHQWV )LJXUH  ULJKW EODFN 7KH DEVRUSWLRQ
FRHIILFLHQW LQFUHDVHVZLWK LQFUHDVLQJZDYHOHQJWK DQGKDV VRFDOOHG DUHDV RIKLJKHU DEVRUSWLRQ  DEVRUEDQFHSHDNV
>0DPXVFKNLQ@7KH ORFDWLRQ ZDYHOHQJWK DQG WKH VL]H SHUFHQWDJHRI WKH DEVRUSWLRQSHDN DUHGHSHQGHQWRQ WKH
SRO\PHU )LJXUH  ULJKW7KH FRQYHQWLRQDO ODVHU VRXUFHV XVHG IRU ODVHUZHOGLQJRI SODVWLFV HPLW UDGLDWLRQ LQ WKH
UDQJHRIWRQP>*LOOQHU3RSUDZH@,QWKLVDUHDWUDQVSDUHQWSRO\PHUVKDYHQRRURQO\DORZDEVRUSWLRQ7R
DFKLHYH D VXIILFLHQW HQHUJ\ LQSXW WKH SODVWLFVPXVW EHPRGLILHG E\ WKH DGGLWLRQ RI DEVRUEHUV IRU H[DPSOH FDUERQ
EODFNWREHFRPHZHOGDEOH:LWKQHZO\GHYHORSHGODVHUVRXUFHVZKLFKHPLWODVHUUDGLDWLRQLQWKHUDQJHRI
QPDUHDVRIKLJKHUDEVRUSWLRQRUGLUHFWDEVRUSWLRQSHDNVFDQEHUHDFKHG
8OWUD KLJK EDUULHU ILOPV FRQVLVW DOZD\V RI VHYHUDO GLIIHUHQW OD\HUV )RU IOH[LEOH HQFDSVXODWLRQ3(7 LV WKH EDVLF
VXEVWUDWHDQGFRQVHTXHQWO\DOVRWKHWKLFNHVW'HSHQGLQJRQWKHDSSOLFDWLRQDGGLWLRQDO OD\HUVXFKDVEDUULHUOD\HUV
FRQGXFWLYHOD\HUVLQWHUOD\HUVDUHDGGHG7RUHDFKDYHU\KLJKEDUULHUHIIHFWEXWZLWKORZWKLFNQHVVDQGIOH[LELOLW\
IRU WKH HQWLUH ILOPGLIIHUHQWPDWHULDOV DUH FRPELQHG IRU WKH OD\HUV)RU H[DPSOH LQRUJDQLF DQGRUJDQLF OD\HUV DUH
XVHGWRUHDFKDORZZYWUDQGRWUDQGDGGHGRQWKH3(7EDVLFVXEVWUDWH>+DQLND@7KHOD\HUVDUHGHSRVLWHGPRVWO\RQ
DUROOWRUROOYDFXXPFRDWLQJSURFHVV>)DKOWHLFK@'XULQJWKHODVHUWUDQVPLVVLRQZHOGLQJSURFHVVWKHODVHUUDGLDWLRQ
LUUDGLDWHVDOOOD\HUV)LJXUHOHIW

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
)LJ,QWHUDFWLRQEHWZHHQODVHUUDGLDWLRQDQGGLIIHUHQWILOPOD\HUV
(DFKOD\HUFRQVLVWVRIDGLIIHUHQWPDWHULDODQGKDVLWVRZQFKDUDFWHUL]HGRSWLFDOSURSHUWLHV7KHRSWLFDOSURSHUWLHV
DUH GHILQHG E\ WUDQVPLVVLRQ UHIOHFWLRQ DQG DEVRUSWLRQ )LJXUH  ULJKW $OZDQ\ LGHQWLILHG WKH RSWLFDO SURSHUW\
GHFUHDVHV ZLWK LQFUHDVLQJ ILOP WKLFNQHVV IURP >$OZDQ\@ )RU WKH ODVHU HQHUJ\ LQSXW LV KHUH LQ SDUWLFXODU WKH
DEVRUSWLRQRILPSRUWDQW)RUPXOWLOD\HUILOPDSSOLFDWLRQVWKHDEVRUSWLRQFRHIILFLHQWRIWKHHQWLUHILOPLVWKHVXPRI
WKH DEVRUSWLRQ FRHIILFLHQWV RI WKH LQGLYLGXDO OD\HUV )LJXUH  ULJKW 'HSHQGLQJ RQ WKH XVHG ODVHU ZDYHOHQJWK
GLIIHUHQWHQHUJ\OHYHOVDUHGHSRVHGLQWRWKHLQGLYLGXDOOD\HUV)RUWKLVUHDVRQWKHODVHUZDYHOHQJWKVKRXOGEHFKRVHQ
VRWKDWWKHHQHUJ\LVPDLQO\GHSRVLWHGLQWKH3(7VXEVWUDWHOD\HU
$IWHUWKHMRLQLQJSURFHVVWKHZHOGVHDPVDQGILOPVDUHDQDO\]HGE\WKHIROORZLQJWHVWPHWKRGV
x ,QFLGHQWOLJKWPLFURVFRS\
x WKLQVHFWLRQV
x WUDQVPLWWHGOLJKWPLFURVFRS\
x WHQVLOHWHVWV
x VFDQQLQJHOHFWURQPLFURVFRS\
)RUWKHWHQVLOHWHVWVD=WHVWPDFKLQHIURP=ZLFN*PE+	&R.*LVXVHG7KHWHQVLOHWHVWDUHFDUULHGRXW
DFFRUGLQJWR',1>',1@',1GHWHUPLQHVWKHSHHOLQJIRUFHVLQD7DUUDQJHPHQW)LJULJKW
([SHULPHQWDO6HWXS
7KHPDWHULDOVXVHGIRUWKHZHOGLQJWHVWVLVDQXOWUDKLJKEDUULHUILOPRIWKH)UDXQKRIHU3ROR$OOLDQ]7KHVXEVWUDWH
3(7KDV D WKLFNQHVV RI PLFURQV7R UHDFK D EHWWHU EDUULHU IXQFWLRQ WKH VXEVWUDWH LV FRDWHGZLWK WZR LQRUJDQLF
EDUULHUOD\HUVDQGWZRK\EULGSRO\PHUVOD\HUVRI202&(57KH3RORILOPKDVDZDWHUYDSRUWUDQVPLVVLRQUDWHRI
[JPðGD\DWURRPWHPSHUDWXUHPHDVXUHGE\DFDOFLXPPLUURUWHVW

)LJ/D\HUVRI)UDXQKRIHU3ROR$OOLDQ]XOWUDKLJKEDUULHUILOP)K*3ROR
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7RLQYHVWLJDWHWKHVXLWDELOLW\RIZDYHOHQJWKDGDSWHGGLRGHODVHUV\VWHPIRUMRLQLQJXOWUDKLJKEDUULHUILOPVDWHVW
VHWXS LV UHDOL]HG7KH ODVHUV\VWHPFRQVLVWVRIDKLJKSRZHUGLRGH ODVHU *DXVVLDQEHDPPXOWLPRGHZLWKDSHDN
ZDYHOHQJWKRIQPZKLFKLVDOVRWKHORFDOPD[LPXPRI3(7FRPSDUH)LJE7KHPD[LPXPRSWLFDOSRZHULV
:DW WKHZRUNSLHFHVXUIDFH8VHGLVEHDPVKDSLQJRSWLFZKLFKJXLGHGWKHODVHUUDGLDWLRQWRVSRWGLDPHWHURI
PLFURQVLQIRFXV7KHGLRGHODVHUPRGXOHDQGWKHODVHURSWLFVDUHFRQQHFWHGWRHDFKRWKHUYLDDPLFURQODVHU
ILEHU7KHILOPVDUHSRVLWLRQHGLQDQRYHUODSSLQJDUUDQJHPHQWDQGFODPSHGZLWKJODVVDSQHXPDWLFFODPSLQJGHYLFH
7KHODVHURSWLFVLVPRYHGYLDDD[LVV\VWHPWKURXJKWKHVDPSOHRQWKHGHVLUHGZHOGLQJFRQWRXU

)LJ([SHULPHQWDOVHWXSDQGWHQVLOHWHVWVHWXS
5HVXOWVDQG'LVFXVVLRQ
4.1. Influence of the feed rate 
7RGHWHUPLQHWKHHIIHFWRIIHHGUDWHRQWKHZHOGZLGWKLVZHOGHGDWDFRQVWDQWRSWLFDORXWSXWRI:7KHIHHG
UDWHZDVYDULHVLQDUDQJHIURPWRPPPLQ7KHVHWZRYDOXHVDUHWKHSURFHVVERXQGDULHV$WPP
PLQ D ILUVW PHOWLQJ LV GHWHFWDEOH )LJ $W  PP  PLQ WKH GHFRPSRVLWLRQ RI WKH 3(7 EHJLQV 7KH XVHG
*DXVVLDQEHDPSURILOHRIWKHGLRGHODVHUPRGXOHOHDGVWRDQHOOLSWLFDOZHOGVHDP$WDIHHGUDWHRIPPPLQ
WKHODUJHVWZHOGZLGWKLVDFKLHYHG'DPDJHRIWKHEDUULHUOD\HUFRXOGQRWEHUHFRJQL]HG7KHWKLQVHFWLRQVFOHDUO\
GHPRQVWUDWHWKHIRUPDWLRQRIDQHOOLSWLFDOZHOGVHDP

)LJ&URVVVHFWLRQRIWKHZHOGVHDP
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7KHILOPVVKRZDVOLJKWLQFLGHQWLQWKHDUHDRIWKHZHOGVHDP7KHUHIRUHLVFRQVLGHUHGLQWKHIROORZLQJLQPRUH
GHWDLOKRZELJWKHUHVXOWLQJH[SDQVLRQVE\WKHILOPVXUIDFHDUH
4.2. Determination of process-related relative expansion of the functional layers 
7KHSURGXFWUHVXOWLQJIURPWKHVKULQNDJHYROXPHGHILFLWRIWKHILOPVXUIDFHLVLGHDOL]HGDKDOIHOOLSVH)LJ7KH
PD[LPXPGHIOHFWLRQ RI WKH ILOP VXUIDFH IURP WKH LQLWLDO VWDWH FRUUHVSRQGV WR WKH KHLJKW E RI WKH HOOLSVH YHUWLFDO
GLVWDQFHIURPWKHYHUWH[RI WKHHOOLSVH WR WKHFHQWHU)RU WKH OHQJWKRI WKH WZRPDLQD[HVD WKHZLGWKRI WKH
UHVSHFWLYHZHOGVHDPLVXVHG7KHOHQJWKRIWKHPDMRUD[LVDLVHTXDOWRWKHFKDUDFWHULVWLFOHQJWKEDUULHULQWKH
JURXQGVWDWH

)LJ([SDQVLRQZKLOHZHOGLQJSURFHVV
%DVHG RQ WKH DSSUR[LPDWH IRUPXOD RI 5DPDQXMDQ >5DPDQXMDQ@ WKH VFRSH RI WKH LPDJLQDU\ HOOLSVH LV WKHQ
FDOFXODWHG+DOIWKHFLUFXPIHUHQFHXFRUUHVSRQGLQJWRWKHOHQJWKRIWKHREVHUYLQJIXQFWLRQOD\HUSRUWLRQDIWHU
H[SDQVLRQ7KHUHODWLYHFRQWUDFWLRQLQGXFHGH[SDQVLRQRIWKHIXQFWLRQDOOD\HUVLVİ7KHUHVXOWVVKRZV7KHVOLGHV
RXWE\WKHFRQWUDFWLQJPD[LPXPUHODWLYHFKDQJHLQOHQJWKRIDWY PPPLQDQGDWY 
PP  PLQ 7KH UHVXOWV VKRZ WKDW WKH IXQFWLRQDO OD\HUV GXULQJ WKH FRQWUDFWLRQ SURFHVV RQO\ H[SHULHQFHG PLQRU
H[SDQVLRQV

4.3. Tensile test 
)RU WKH WHQVLOH WHVWV VDPSOHV DUHZHOGHGZLWK DQGPP PLQ$SRLQW LQFOXGHV DOZD\V WKUHH
WHVWHGVDPSOHV7KHDYHUDJHWHQVLOHVWUHQJWKRIWKHVHDPVLV1PP$QDYHUDJHRIWKHVHVDPSOHVEHIRUH
WHDULQJ D  SHUFHQW H[SDQVLRQ 7KH FRUUHVSRQGLQJPHDVXUHPHQW FXUYHV VKRZ D FKDUDFWHULVWLF SURILOH ZLWK QR
VLJQVRISHHOLQJRILQGLYLGXDOOD\HUV$UHGXFWLRQRIWKHHQHUJ\LQSXWUHVXOWVLQDVLJQLILFDQWUHGXFWLRQLQWKHDYHUDJH
VWUHQJWK1KRZHYHUWKHUHVXOWVDUHVXEMHFWWRDVWDQGDUGGHYLDWLRQRI1RIPDMRUIOXFWXDWLRQV)LJ

)LJ([SHULPHQWDOVHWXSDQGWHQVLOHWHVWVHWXS
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7KH PHDVXUHPHQW FXUYHV RI WKH WHQVLOH WHVWV VKRZ WKDW RQO\ RQH RI WKH WKUHH PHDVXUHPHQWV JUHDWO\ GHYLDWHV
GRZQZDUGZKLFKVXJJHVWVWKDWLWZLOOQRWFRPHWRDUHSURGXFLEOHZHOGLQJDWWKLVIHHGUDWH1HYHUWKHOHVVWKLVUHVXOW
FRUUHVSRQGVWRWKHH[SHFWDWLRQV$UHGXFWLRQLQWKHRYHUDOOVWUHQJWKRUVLJQLILFDQWORVVRIVWUHQJWKWHQGFRXOGQRWWR
EHUHFRJQL]HG
4.4. SEM inspection of the surface layer 
6LQFHDFFXUDWHLQIRUPDWLRQDERXWWKHVWDWXVRIWKHEDUULHUOD\HURQWKHEDVLVRIFURVVVHFWLRQVDUHQRWSRVVLEOHDQ
6(0LQVSHFWLRQRIWKHVHDPVXUIDFHVLVUHTXLUHG'XHWRWKHODFNRIHOHFWULFDOFRQGXFWLYLW\RIWKHVDPSOHWKHVHDUH
FRDWHGE\VSXWWHULQJZLWKDWKLQOD\HURIJROGDQGWKHQH[DPLQHGZLWKWKHVHDPIDFLQJXS

)LJ6(0LQVSHFWLRQRIWKUHHZHOGVHDPV
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